Introduction
Life in the dark recesses of the planet comes in many strange forms. Exploration of these environments provides key insights into the metabolic flexibility of micro-organisms that do not rely on sunlight for energy. Along the southwestern coast of Australia lies the Nullarbor Plain, the world's largest contiguous karst system, covering more than 200 000 km 2 , which arose from the sea in the Middle Miocene (B14 MYA) (Webb and James, 2006) . Although the surface environment is semiarid, a number of aquatic, subterranean caves extend to considerable distances below the Nullarbor karst, intersecting the water table at a depth of around 100 m below the surface. Exploration of these underwater passages by cave divers has revealed the presence of unusual microbial biofilms, dense 'mantles' or 'curtains' of biological material, known as Nullarbor cave slimes (Holmes et al., 2001) . Cave slime communities consist of long, tendril-like structures or amorphous biofilms attached to cave surfaces. These microbial formations are observed in areas of complete darkness, deep within submerged regions of the cave systems. They comprise a high standing biomass and can be up to 1 m in length (Holmes et al., 2001) . No aquatic macrofauna has been recorded in these regions of the caves (Richards, 1971) . The cave waters are unlikely to receive significant organic input from the surface, as rainfall in these regions is typically very low, ranging from 150-200 mm annually (Gillieson and Spate, 1992) . Indeed, filtered water samples collected from the vicinity of the microbial material were previously shown to contain no detectable organic carbon (James and Rogers, 1994) . Chemical analysis of the water samples did show, however, that there are relatively high levels of nitrite as well as significant sulphate and nitrate in many of the caves (Holmes et al., 2001) . The composition and metabolism of these communities is therefore of particular interest, with the microorganisms comprising these structures presumably capable of some form of chemolithotrophy.
Initial work by Holmes et al. (2001) provided the first assessment of the microbial communities associated with the Nullarbor cave slimes. In this study, the microbial community from one Nullarbor cave, Weebubbie, was sampled and bacterial 16S rRNA gene clone libraries were generated and analysed via restriction fragment length polymorphism mapping and sequencing of selected restriction fragment length polymorphism pattern representatives. The majority of phylotypes were found to belong to Proteobacteria, with Pseudomonas and Pseudoalteromonas related sequences being particularly abundant. A relatively high proportion (B12%) of clones were classified to the phylum Nitrospira, of which all characterised members are able to oxidise nitrite to nitrate (Holmes et al., 2001) . This suggested that nitrite oxidation could have a significant role in the trophic structure of the slime communities. There were also a large number of clones which represented novel phylotypes, highlighting the unusual nature of this microbial ecosystem. Examination of the Weebubbie slime community was also carried out using scanning electron microscopy, revealing a dense matrix of unbranched filaments interspersed with spherical-, rod-and spiral-shaped cells and calcite microcrystals. The observation of a microscopic structure most likely comprising an abundant filamentous organism, whose morphology did not match with the known cell shape of any abundant clone type, led to the hypothesis that this environment might also contain additional key organisms not effectively detected using a PCR-based approach.
In this study, we have significantly expanded our understanding of this community by utilising pyrosequencing to generate metagenomic and 16S rRNA amplicon data sets for the Weebubbie microbial cave slime. We have found evidence for an abundant archaeal population with sequence similarity to Nitrosopumilus maritimus SCM1, an ammonia-oxidising archaeon, thus considerably extending our knowledge of both the phylogenetic composition and metabolic capabilities of this unusual community.
Materials and methods
Site description and sample preparation Weebubbie cave is located in the Nullarbor Plain region of South Australia in the middle of the Great Australian Bight (Latitude À 31.654180526, Longitude 128.774993896). The entrance of the cave is via a 70 m descent from the surface through a collapsed doline. At the base a B200 m talus filled passage leads to two large lakes, which when traversed, lead into a number of submerged passages where the microbial slime communities are found ( Figure 1 ).
DNA samples used in this work were aliquots of genetic material extracted by Holmes et al. (2001) that had been stored at À 80 1C. Descriptions of sample collection, DNA extraction methodology, microscopy and water chemistry analyses are provided in Holmes et al. (2001) . Physicochemical characteristics of Weebubbie cave water were moderate salinity falling in the brackish range (16.2%), relatively high levels of sulphate (1200 mg l À 1 ), nitrate (98 mg l À 1 ) and nitrite (5-10 mg l À 1 ). As a minimum of 1 mg of DNA was needed for metagenomic pyrosequencing, 33 ng of the remaining DNA from Weebubbie samples was amplified using the multiple strand displacement Phi29 DNA polymerase, following the manufacturer's instructions (GenomiPhi V2 DNA Amplification Kit, GE Healthcare, Little Chalfont, UK). Duplicate wholegenome amplifications were performed and pooled to reduce potential amplification bias. Each amplification used 1-ml template and was subsequently cleaned using ethanol precipitation and resuspended in a final volume of 75 ml Tris EDTA buffer. DNA concentrations for each amplification reaction were measured with the Nanodrop 2000 (Thermo Scientific, Bremen, Germany) and B600 ng of DNA from each reaction was pooled, then sent to the Ramaciotti Centre for Gene Function Analysis for sequencing using the GS-FLX pyrosequencing platform (Roche, Mannheim, Germany). For 16S rRNA amplicon sequencing, original cave DNA (rather than Phi29-amplified DNA) was used as a template in PCR with the primer set F515 and R806 of Bates et al. (2011) , which have been shown to successfully amplify an B250 bp region of the 16S rRNA gene from both bacteria and archaea (Bates et al., 2011) . Reactions were performed in triplicate 25 ml reactions using the FastStart High Fidelity PCR System (Roche) according to the manufacturer's instructions with 1 ml template DNA. Reactions were carried out using the following cycling conditions: 35 cycles (95 1C, 30 s; 50 1C, 45 s; 72 1C, 60 s) after an initial denaturation 95 1C, 2 min. Pooled triplicate reactions were run out on a 2% agarose gel and B250 bp bands were excised and purified using the Qiaquick gel cleanup kit (Qiagen, Valencia, CA, USA) before sequencing at the Ramaciotti Centre for Gene Function Analysis using the GS-FLX pyrosequencing platform (Roche).
Data analysis
Metagenome reads were assembled into contigs at the Ramaciotti Centre for Gene Function Analysis using Newbler assembly software (Margulies et al., 2005) . The unassembled sequence file was processed to remove potentially low quality sequences using the mothur software suite (Schloss et al., 2009) . Sequences with an average quality score less than 20, below 100 bp in length or containing ambiguous nucleotides were removed.
Exploring taxonomic and metabolic composition of Weebubbie community Processed unassembled sequences were uploaded to the Metagenome Rapid Annotation using Subsystem Technology (MG-RAST) server, v3.1.2, for annotation (Meyer et al., 2008) . A taxonomic profile was generated using the phylogenetic identity of sequence matches to the M5 non-redundant protein database with a maximum e-value cutoff of 1e À 15 . A functional comparison was performed using the Weebubbie metagenome, four metagenomes that were publicly available on MG-RAST, and one metagenome that was obtained and uploaded on to MG-RAST as a private metagenome (Supplementary Table 1 ). Metagenomes were searched against the Subsystem database with a maximum e-value of 1e
À 5 , using a minimum identity cutoff of 75%. Metabolic profiles were determined from normalised abundances of SEED subsystems, and a heatmap was produced using complete clustering with the Bray-Curtis metric.
For 16S rRNA, amplicon sequencing data reads were processed with both MG-RAST and QIIME software (Caporaso et al., 2010) , which binned reads into phylotypes (97% similarity) and assigned an identity based on comparison to sequences in the Ribosomal Database Project (Cole et al., 2005) . Taxonomic analysis of the metagenomic data set for comparison with the 16S rRNA data employed PhymmBL (Brady and Salzberg, 2009 ) and MG-RAST to identify the most probable taxonomic origin of each sequence read. The metagenomic sequence reads and contigs, as well as the 16S rRNA amplicon sequences are publically accessible through the MG-RAST server with the accession numbers 4448052.3, 4447951.3, and 4467995.3 respectively.
Examination of Weebubbie Thaumarchaeota population
The programme PhymmBL (Brady and Salzberg, 2009 ) was used to identify the most probable taxonomic origin of each contig sequence. Contigs binning to the phylum Thaumarchaeota were aligned against the Ca. Cenarchaeum symbiosum (Hallam et al., 2006) genome draft and N. maritimus SCM1 (Walker et al., 2010) genome using ProgressiveMauve (Darling et al., 2010) . Contigs binning to the phylum Thaumarchaeota were also searched against the Ribosomal Database Project database and two putative thaumarchaeotal 16S rRNA fragments were identified, one of which was of sufficient length for use in phylogenetic analysis (the second, containing 301 bp of 16S rRNA gene sequence at the other end of the gene, spanned insufficient variable regions to allow meaningful phylogenetic analysis). The first contig of 941 bp was aligned with 26 known archaea within the phyla Crenarchaeota, Euryarchaeota and Thaumarchaeota, as well as five uncultured marine Thaumarchaeota. A bacterial representative, Thermotoga maritima MSB-8, was included in the alignment as an out-group (accession numbers of all included gene sequences are provided in Supplementary Table 2 ). Sequences were aligned using ClustalX2 and trimmed to a total of 695 nucleotide positions. Phylogenetic analyses were performed using PhyML 3.0 (Guindon et al., 2010) , with the GTR model of nucleotide substitution, utilising a BioNJ tree as a starting tree, and the SPR heuristic implemented for tree topology searches. Confidence values at each node were calculated using the non-parametric bootstrap analysis over 1000 replicates. jModelTest (Darriba et al., 2012) was utilised to assess the effect of variation in the substitution model and other parameters, the topology model-averaged phylogeny resulting from the 280 models in the 100% confidence range was identical to the tree shown in Figure 4 .
Exploration of nitrogen cycling pathways in the Weebubbie community Gene fragments of key enzymes involved in nitrogen metabolism were identified and combined with taxonomic assignations of the sequence reads to produce a metabolic pathway showing the relative abundances of bacteria and archaea contributing to each reaction. PhymmBL was used to identify the most probable taxonomic origin of each read sequence. A local database of representative protein sequences was generated for key enzymes and processed metagenomic reads were searched against this database using BlastX with an e-value cutoff of 1e À 15 . The BlastX results and PhymmBL taxonomic assignations for each enzyme were used to determine the relative taxonomic abundances calculated for each enzyme.
Results
Taxonomic composition of Weebubbie cave microbial slime community A total of 548 372 raw reads with an average length of 581 bp were generated from metagenomic sequencing of Weebubbie microbial slime community DNA. Following removal of low quality reads and those of less than 100 bp, a total of 475 608 high quality processed read sequences remained in the data set and were included in analyses. To extend the taxonomic analysis of the metagenomic data we additionally generated a 16S rRNA amplicon library; a total of 48 851 fragments spanning the V4 variable region were analysed. In both the metagenome and the 16S amplicon data sets the Weebubbie slime communities were principally comprised of a mix of bacterial and archaeal members (Figure 2 ; Supplementary Figure 1) . Both analyses showed similar sets of dominant taxa, although there were minor differences in the rank abundance order. The main difference between the 16S rRNA data and the binned metagenomic data was the relative abundances of Archaea compared with Bacteria, with the 16S rRNA data set showing a higher proportion of Archaea. Amongst the Bacteria, the phylum Proteobacteria had the highest relative abundance. Within the Proteobacterial assigned sequences, more than half belonged to gammaproteobacteria with almost all the remainder fairly evenly distributed between alpha, beta and delta subdivisions. Looking further into the gammaproteobacteria at a genus level, Pseudoalteromonas was the most commonly detected.
Interestingly, in both the metagenomic data and the 16S rRNA data, there is evidence of an abundant population of Thaumarchaeota related to the ammonia oxidising N. maritimus SCM1 and Candidatus Cenarchaeum symbiosum. Figure 2 The inferred taxonomic composition of the Weebubbie cave community. Taxonomic designations were assigned at phylum level based on the (a) complete metagenomic data set, and (b) 16S rRNA amplicon data set; species level for the phylum Thaumarchaeota based on the (c) complete metagenomic data set, and (d) 16S rRNA amplicon data set; and species level for the phylum Proteobacteria based on (e) the complete metagenomic data set, and (f) the 16S rRNA amplicon data set. The taxonomic analyses based on the metagenome data used MG-RAST, and sequences were compared with the M5 non-redundant protein database with a maximum e-value cutoff of 1e À 15
. Unclassified sequences accounted for 7.31% of metagenome reads, and were not included in this figure. The taxonomic analyses based on the 16S rRNA data used MG-RAST, and sequences were compared with the M5 rRNA non-redundant rRNA database with a maximum e-value cutoff of 1e À 15 . Unclassified sequences accounted for 26.35% of 16S rRNA amplicon reads. Full colour breakdown of the organisms represented in the pie charts in (a) and (b) can be found in Supplementary Figure 1 .
Comparison of the Weebubbie thaumarchaeotal population with other studied Thaumarchaeota As a high proportion of reads were taxonomically assigned to the phylum Thaumarchaeota, and the sequenced genome of N. maritimus SCM1 and draft genome of Ca. C. symbiosum both recruited a high number of reads, alignments were produced to compare the thaumarchaeotal component of the metagenome with these genomes. From assembly of metagenomic data, a set of 20 233 contigs with a minimum of 4 Â coverage, ranging in size from 100 bp to 67 Kbp (1697 contigs 41 Kbp, 84 contigs 45 Kbp), was generated. The subset of contigs that binned to Thaumarchaeota was used to generate alignments (which included almost all of the largest contigs, 82/84 of those greater than 45 Kbp). The global alignment showing the greatest degree of synteny with the Weebubbie thaumarchaeotal contigs was observed with N. maritimus SCM1 (Figure 3) . Alignment against Ca. C. symbiosum genome showed substantially less synteny (Supplementary Figure 2) .
It is evident that there are numerous syntenous regions in the Weebubbie Thaumarchaeota contigs compared with N. maritimus SCM1 genome, however the similarity profiles (indicated by vertical line height along alignment) indicate nucleic acid sequence similarities were relatively low in many regions (Figure 3a) . There are also a number of instances where genes with sequence similarity to those of N. maritimus SCM1 were present in the Weebubbie metagenome but showed a different global arrangement (illustrated in Figure 3a by lines connecting regions of each alignment which have shifted in their relative location). Also evident in this alignment are a large number of gaps, representing both sequence present in the N. maritimus SCM1 genome and absent in the Weebubbie metagenome data and regions of Weebubbie thaumarchaeotal contigs, which contain genes not found in the N. maritimus SCM1 genome (Figure 3b ).
Perhaps one of the most interesting regions of the N. maritimus SCM1 genome is the ammonia mono-oxygenase operon, which indicates the potential for these organisms to have a role in nitrogen cycling. In the Weebubbie metagenome contigs were recovered which span large regions of this operon, including a single large contig which covers both the amoB and amoC genes, and a second contig which contains part of the amoA gene. Alignments of each of these translated genes from N. maritimus SCM1 and Ca. C. symbiosum genome A with the relevant region of Weebubbie contigs showed protein sequence identities of 85% for amoB and 95% for amoC, while the fragment of amoA showed protein identities of 92% and 93% (over 131 of 216 amino acids) with N. maritimus SCM1 and Ca. C. symbiosum, respectively.
Two contigs containing putative thaumarchaeotal 16S rRNA gene fragments were identified in the Weebubbie metagenome data set, one of which contained a sufficiently long region of 16S rRNA gene identity for phylogenetic analyses. An alignment of this sequence with archaeal representatives from all three lineages Crenarcheaota, Euryarchaeota and Thaumarchaeota was used to generate a neighbour-joining phylogenetic tree (Figure 4 ). On the basis of this analysis there is good support for placing the Weebubbie 16S rRNA sequence within the Thaumarchaeota. This sequence groups closely with Ca. C. symbiosum and an uncultured archaeal representative recovered from a metagenomic fosmid library of hydrothermal vent water (0.2 mm filtrate, 1000 m depth, Adriatic sea, accession number EU686633.2 (Martin-Cuadrado et al., 2008)) (Figure 4) . Also within this group are other wellstudied group 1.1a Thaumarchaota, including N. maritimus SCM1 and Ca. Nitrosoarchaeum limnia SFB1, recently identified in a low-salinity environment in San Francisco Bay (Blainey et al., 2011) , while representatives of group 1.1 b, Ca. Nitrososphaera spp. EN76 and Ca. Nitrososphaera gargensis, formed a separate group within the thaumarchaotal branch.
Comparison of metabolic profiles from other habitats
The Weebubbie cave environment has salinity levels in the brackish range, high levels of sulphate, nitrate and nitrite, no detectable organic carbon and a complete absence of sunlight (Holmes et al., 2001) . The metabolic profile of this community was compared with that of other aquatic metagenomes, including representatives from a freshwater aquifer located in South Australia, deep-sea and other Figure 4 Phylogenetic tree showing the relationship of recovered archaeal Weebubbie cave 16S rRNA gene to that of other archaeal representatives. The maximum likelihood tree was constructed from an alignment of 695 nucleotide positions in the 16S rRNA gene. The tree was inferred with the GTR genetic distance model, using Thermotoga maritima MSB-8 as an outgroup. Bootstraps were calculated based on a total of 1000 replications, with bootstrap values displayed at the nodes. marine environments ( Figure 5 ). The Weebubbie cave metagenome grouped most closely with the deep Marmara Sea metagenome and together with the South Australia Groundwater Aquifer metagenome form a separate branch from the other examined marine metagenomes, which represent photic zone habitats ( Figure 5 ).
The grouping of the Weebubbie metagenome metabolic profile with that of the Marmara deepsea environment reflects similar abundances for many SEED categories. The 'iron acquisition and metabolism' group in particular stands out as relatively abundant in these two environments compared with the others analysed ( Figure 5 ). Indeed the relative abundance of iron acquisition gene fragments was even higher in Weebubbie than the deep Marmara Sea, suggesting an environment low in biologically available iron. Examination of the predicted gene products within this subsystem indicated that it includes numerous iron transporter components, receptors and siderophores.
Nitrogen and Carbon Cycling in the Weebubbie Cave Community Previous examination of the Weebubbie cave environment and slime community indicated that they may represent chemolithotrophic communities reliant on nitrite oxidation (Holmes et al., 2001) . The apparent abundance of an archaeal population in our Weebubbie metagenome related to ammoniaoxidising N. maritimus SCM1 indicated that ammonia oxidation might also be an important source of energy in this environment. To gain a more complete appreciation of the nitrogen cycling processes carried out by the Weebubbie slime community the metagenome reads were analysed to determine the abundance and likely taxonomic affiliation of key nitrogen metabolism enzymes (Figure 6 ). This analysis indicated that genes encoding enzymes for each step of the nitrogen cycle, except nitrogen fixation, were present in this community. Of the reads matching ammonia mono-oxygenase subunitencoding genes, 82% were most likely of archaeal origin (best match to N. maritimus SCM1 amo genes), while the remainder were most likely encoded by Nitrosomonadales representatives. A small number of reads matching hydroxylamine oxidase, which carries out the next step in nitrification in bacteria were also observed in the metagenome, further evidence that bacteria were responsible for only a small proportion of ammonia oxidation in this environment. As archaeal ammonia-oxidisers (AOA) are thought to utilise a divergent pathway for this second step, for which there is little information at present (Walker et al., 2010) , no candidate gene(s) were available to search for evidence of this part of the process in AOA. There is also evidence for the second stage of nitrification, oxidation of nitrite to nitrate, in a number of sequence hits to nitrate oxidoreductase, with both bacterial and archaeal forms observed in the metagenome. A relatively large number of putative nitrate reductase encoding genes were also observed in the Weebubbie metagenome sequence, the majority of which were likely bacterial in origin. Carbon fixation in N. maritimus SCM1 has been hypothesised to be carried out using the 3-hydroxypropionate/4-hydrobutyrate pathway, with homologues of all the genes implicated in this pathway observed within this organism's genome (Walker et al., 2010) . Reads recruiting to all of these genes (biotin dependent acetyl-CoA/propionyl-CoA carboxylase, methylmalonyl-CoA epimerase and mutase and 4-hydroxybutyrate dehydratase) were observed in the Weebubbie metagenome. Evidence for ribulose-1,5-bisphosphate carboxylase-oxygenase was also recovered from the bacterial binned component of metagenome reads.
Discussion
Weebubbie cave slime comprises a taxonomically diverse microbial community The Nullarbor cave slime communities provide a fascinating ecosystem, in which microbes dominate a habitat which appears to be completely isolated from sunlight or photosynthetically derived carbon. Our examination of the phylogenetic composition of the Weebubbie microbial communities based on taxonomic binning of metagenome reads and 16S rRNA amplicon sequencing reveals a diverse community comprising both bacterial and a relatively high proportion of archaeal representatives spanning a range of described phyla, as well as a proportion of sequences which at this time are unable to be characterised. Both the Thaumarchaeota and Nitrospirae have lower representation in the metagenomic binning compared with the 16S rRNA amplicon phylogenetic analysis, this probably reflects the relative paucity of both taxa in genomic databases, leading to an under identification of sequences from these phyla. As the 16S rRNA gene can be present in different copy numbers in different genomes this potentially affects the estimation of the relative abundances of phylum. However, as the sequenced Thaumarchaeota generally have a single copy of the rRNA gene it seems unlikely that the 16S rRNA amplicon sequence data is overestimating the relative abundance of this phylum. Conversely, the proteobacteria and firmicutes have higher representation in the metagenomic data compared with the 16S rRNA amplicon analysis, probably because these phyla are the two most heavily sampled by genome sequencing.
Discovery of a new, abundant Thaumarchaeote in the Webbubbie cave community
The most striking taxonomic observation from this work is the finding that Thaumarchaeota comprise a sizable proportion of assigned sequences, from 18-45% (Figure 2 ) based on metagenomic and 16S rRNA analyses, respectively. On the basis of the observation of an abundant filamentous organism in their s.e.m. examination of the microbial slimes whose morphology did not resemble that of the prevalent clone types, (Holmes et al., 2001) hypothesised the potential for a 'missing link', an abundant organism not effectively amplified with their primer set. The observations made here confirm that an abundant phylum, namely Thaumarchaeota, was indeed missed in the cloning based approach, and potentially comprise this ''missing'' filamentous morphotype. Examples of filamentous Thaumarchaeotes have been reported (Muller et al., 2010) indicating the potential for the microbial slime filaments to similarly represent examples of novel thaumarchaeotal cell types.
A partial genome assembly of the Thaumarchaeota in the Weebubbie cave environment showed significant synteny, albeit with a number of large rearrangements, compared with the sequenced N. maritimus SCM1 genome. There are clearly clusters of genes within aligned Weebubbie contigs that are not observed in N. maritimus SCM1 indicating that cave environment likely contains novel sets of thaumarchaeotal genes. It is also likely that there are genomic regions in N. maritimus SCM1 which are not present in the cave environment, as indicated by a number of sizable N. maritimus SCM1 genome sections which have no matches at all in the metagenome reads. A recent analysis of metagenome reads most likely derived from environmental planktonic Thaumarchaeota in the Gulf of Maine, which when compared with N. maritimus also appeared to lack a number of genomic regions (Tully and Nelson, 2012) . Combination of these three data sets putatively represents a core genome conserved amongst the group 1.1a Thaumarchaeota.
Phylogenetic analysis of a partial 16S rRNA gene sequence recovered from the Weebubbie metagenome provides further confirmation of the presence of at least one thaumarchaeotal representative in this environment. While two contigs containing partial thaumarchaeotal 16S rRNA genes were recovered, one was of insufficient length to carry out meaningful phylogenetic analysis and did not overlap with the other, making it difficult to say whether multiple lineages of Thaumarchaeota are present within the cave community. Analysis of the longer sequence indicates this organism grouped most closely with the marine sponge symbiont Ca. C. symbiosum (Preston et al., 1996) and a presumably planktonic metagenome representative found in deep-sea hydrothermal vent water (Martin-Cuadrado et al., 2008) . It is of interest that the Weebubbie sequence groups together with representatives from marine environments, group 1.1a, rather than 1.1b, the group predominantly detected in terrestrial environments. Another recent metagenomic analysis of AOA in a radioactive thermal cave in the Austrian Alps found that five of six 16S rRNA gene fragments recovered clustered with the 1.1b group (Bartossek et al., 2012) . The Weebubbie thaumarchaeotal representative may indeed have had a marine origin, as periodic inundations of the Nullarbor caves by the sea are thought to have occurred a number of times in the geological past, during periods of high sea levels, however, it is thought that the final retreat of the sea occurred ca. 14 Ma after which the region experienced uplifting and has remained relatively geologically stable (Webb and James, 2006 ).
An unusual chemolithotrophic community utilising multiple nitrogen forms?
It has been hypothesised previously that the Nullarbor cave slime represents a chemolithotrophic community supported by nitrite oxidation, with water analysis indicating very high nitrite (5-10 p.p.m.) and relatively high nitrate levels (98 p.p.m.) around Weebubbie communities (Holmes et al., 2001) . Metagenomic sequencing has allowed us to look directly for genes relating to nitrogen cycling in this community. This analysis indicated that both stages of nitrification are likely to be key to energy generation in this community. Examination of the detected ammonia monooxygenase (amo) gene copies indicates that the thaumarchaeotal AOA dominate in the Weebubbie community, as they have been shown to do in the majority of soil, estuarine and hot spring sediments, coastal and marine environments for which relative abundances have been investigated (reviewed by Erguder et al. (2009) ). Ratios of archaeal to bacterial amoA have been shown to be quite variable, determined to be around 10-100 in coastal waters, 10-1000 in the open ocean (Wuchter et al., 2006) and as much as 80 times greater in estuarine environments (Caffrey et al., 2007) . In the Weebubbie metagenome reads containing archaeal amo gene fragments were roughly five times more abundant than bacterial copies, suggesting that while AOA are predominant, AOB activity may still contribute to the first stage of nitrification in this community.
The second stage of nitrification, oxidation of nitrite to nitrate also appears to rely on both archaeal and bacterial activity, however in this instance it appears the nitrite oxidising bacteria may be predominantly responsible. Our metagenome analyses found no evidence of nitrogen fixing pathways in this environment.
Conclusion
In this work metagenomic and 16S rRNA amplicon sequencing has provided a more complete view of the taxonomic composition of the Weebubbie microbial community, revealing that archaeal, as well as bacterial representatives live together within these unusual slime curtain structures. In 2001, Holmes and colleagues applied up-to-date molecular methods to examine the phylotypic structure of this community, providing the first glimpse into the ecology of this rare system (Holmes et al., 2001) . A little more than 10 years later microbiologists can make use of a range of new technologies, including next-generation sequencing of environmental DNA for metagenomics, to take an increasingly in-depth look at the composition, both taxonomic and metabolic, of such communities. Our analyses have significantly broadened our understanding of what organisms make up the Weebubbie cave slime community and what they may be doing to survive in such conditions. On the basis of metabolic profiling we hypothesise that the Weebubbie 'slime curtains' represent novel chemolithotrophic communities driven by nitrification.
